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NACA ACR No. L5A30a
NATTIONAL ADVISORY COMMITTEE FOR AERONAUTICS

' ADVANCE CONFIDENTIAL REPORT \

- AN ANALYSIS OF JET~-PROPULSION SYSTEMS
MAKING DIRECT USE OF TEE WORKIN
SUBRSTAKCE OF A THERMODYNAMIC CYCLI

By Kernedy F. Rubert
SUMMARY

Arr analysis h&as been macde of jet-propulsion systems
deriving their euntire thrust from jebt reaction ol the
producte of combustion, wilith a view to ailding visuwaliza-
tion of the possibilities and limitations of this class
of jet propulsion. “Squations ars developed for ideal
cycle, propulsive, and combined efficlencies and are
extended to include provislion for ineff'iciency ia the
components of the system.

The results of the analysis sliowed that the combined
eff'iciency, which 1s unscceptably low at apeeds lass
than 300 miles per hour, bscomes nearly equal to that of
conventional power plants of current design at 500 miles
per hour. It was also shown that the efficiency will be
Increased considerably as the physical limitations on
cycle temperature and blower speed arc raised and as the
efficiencies of the system components ere improved. A
briefl supplementary analysis indicated that, for st lecast
some conditions, the constant-volume-combusticn
intermittent-opsration ram Jet possesses an adwantage
over the constant-ﬁressure—combustion continuous-Llow
ram jet of about 25:1 with respsct to theoretlical com-
bined efficiency and about 2:1 witi regard to thecretical
power per unit mass air flow,

INTRODUCTION

Thrust for aircralft propulsion is slways obtzined
as the force reaction to rsarward acceleration of a -
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gaseous mass, and propulsive systems may be classified
according to the nature of the gases emplcyed and the
method by which theyv ars accelerated. Rockets derive both
the gases and the energy necéssary for their acceleration
from chemical reaction between constituents of the rocket
charge. Thrust in the conventional engine-propeller
provulsive system 1s obtained mostly from the rearward
acceleration of alir engaged by the propeller, and tiie
eneirgy to drive the propeller is obtained from combustion
of a hydrocarbon fuel in the engine. The thrust derived
from the propeller may be supplemented by that obtalned
from rearward acceleration of the engine exhaust gases,
which is referred to as "jet thrust.' "“Jet propulsion™
is a broad term covering a class of propulsive systems
that, 1like conventional systemz, derive thelr energy from
combustion supported by the air in which the system
operatés. These systems diffsr from conventional systems
in thet all air accelerated to produce thrust 1s handled
by internsl-flow systems. Furthermore, much or all of
the thrust developed by jet propulsion is due to rear-
ward acceleration of gases that have acted as working
substances for the tliermodynamic cycle from which the
energy for propulsion is obtasined.

Jet propulsion is not & new 1idea, nor can the failure
to employ it heretofore be attributed to a lack of under-
standing or apnreciation of its wmerits. Airplane per-
formance and the chzaracteristics of thie components of
jet-propulsicn engines formerly were such as to make jet
propulsion hopelessly inefficient if not entirsly ilmpos-
sible. Both the alrplane and the jet engine components,
however, have undergone continuous development and have
recently attained such a degres of refinement that Jet
propulsion 1s rapidly becoming not only possible but
also, in some recpects, definitely advantageous.

The functions of converting heat into mechanical
work and applying this mechsnical work to producing
thrust by resrwardly accelerating a mass of alr are
clearly separated in the conventional engine-propeller
propulsive system. Thils clear-cut division greatly
ffacilitates separate study of the efficiency of conver-
sion of heat to work by the engine and of the efficiency
of utilization of this work for propulsion by the pro-
preller, and extensive resecarch hss been conducted in
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these fields. This independence of thermodynamic and
propulsive efficlencies is lost when the gas that per-
forms the heat engine cycle serves also as the mass
accelerated to produce thrust and, consequently, the
propulsive efficiency becomes intimately related to the
thermodynamic efficiency without, however, impairing the.
usefulness of separate study of the thermodynamlc and
propulsive efficlencies.

Analyses ofl propulsion in which thé working sub-
stance of the thermodynamic cycle is the only mass
accelerated to produce thrust are presented in this
paper, with a view to aiding visualization of the possi-
bilities and limitations of this class of jet propulsion.
The treatment is divided into three sections: a basic
analysis of &n idesl system in which the cycle, propul-
sive, and combined efficiencies and their interrelation
are developed; an extension of the basic analysis to
incorporate the effects of deviations from the ideal in
the execution of the several phases of the thermodynamic
cycle; and a study and discussion of the implications of
the results of these analyses with regard to the possi-
bilities and limltations of Jet propulsion.

In the analyses when parameters such as blower or
turbine efficiency, blower tip speed, or limiting tem-
perature hsve been assumed for the purpose of illus-
trating the effects of the several variables, values have
been selected thnt are considered reasonable or repre-
sentative of current practice. All necessary equations,
however, have been Iincluded, so that similar analyses
may be performed with whatever values are most in accord
with the requirements of any specific case. Whenever
possible, blower temperature rises have been interpreted
in terms of tre impeller tip speed of a single-stage
centrifugal blower for purposes of illustration, as an
ald to visualization of the actual physical conditions.
No simple relation between temperature rise and tip speed
can be apprlied to axlal compressors as a class, however,
and the blower speeds used throughout this report must be
considered as restricted to those of centrifugal blowers
of usual construction. All the efficiency relatlons,
however, have been developed in terms of rlight speed.
and temperature and are equslly applicable to centrifugal
blowers and exlal compressors.
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SYMBOLS

Velocity of sound at atmospheric temperature, feet

per second -(h9.0vﬁg>

velocity of sound at any reference tempsrature T,
feet per second <h9.0vﬁ;>

specific heat at constant pressure of air
(0.2l Btu/1v/°F)

specific heat at constant volume of air
(0.17 Btu/1b/°F)

thrust, pounds
ratio of weight to mass (%2.2 1b/slug)
altitude, feet

Joule's mechanlcal eguivalent of heat
(775 f£t-1b/Btu)

fach number of flight <Vo/ao>

mass alir-flow rate, slugs per second

absolute static pressure, pounds rer sqguare foot
thrust power, foot-pounds per second

power to wake, foot-pounds per second

input power, foot-pounds psr second

guantity of Leat added per unit weight of gas, Btu
per pound

ratio of stetic pressure at combustion-chamber
outlet to pressure at combustion-chamber inlet

thrust-power ratio (ratio of m AT, to the value
of m AT, for the datum conditions of '
Vo = 500 mph, H = 30,000 ft, Ty = L11° F abs.,
Thax = 1500° F abs., np = 0.80, mngp = 0.75,
R = 0,916, and V¢ =.1200 fps)
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AT

AV

A

'{
g
Ne

Q

entropy, Btu per pound per °F

temperature, °F a;solute

maximum allowable temperature, °F absolute
(?0 + AT + ATy + ATC>

atmospheric temperéture, °F absolute

reference temperatuwe, Op absolute -

flight speea, feet per second unless otherw1se
specified

blower tip speed, feet per second

mechanical output of & thermodynamic cycle in neat
unlts, Btu per pound

blower temperature rise, °F

combustion temperature rise, °F

nozzle temperature drop, Op

|

stagnation temperature rise, °F

VA~ = 0.832 >
ZchD 0 2 <;OO

turbine temperature drop, °F

net velocity change imposed. on propulsive air in
passing through the system, measured between
stations of equal static pressure ahead of and
behind the airplane

increment

2 I
™ (1.4)

blower efficiency
{

thermodynamic-cycle efficiency
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Tp propulsive efficiency a )

np turbine efficiency

n combined efficiency (ncnp)

0,e¢¢e5 stations in jet-propulsion system (see fig. 1)

Condition designations:

0,..45 conditions at corresponding stations in jJjet-
propulsion system when compression and
expansion are isentropic and combustion is

. at constant pressure (see fig. 2)

2',...5' gsame as conditions 2,...5 except compression
and expansion are not isentropic (see fig. 9)

2%, ...5% same as conditions 2',...5' except pressure
- loss occurs during combustion (see fig. 11)

2a',2b',3a"‘t
Zbt,3ak,3b" |

special conditions in figures 9 and 11

Subscripts:

S in input '

. A}

out output

out, basic, heat rejection associated with performance
of cycle '

outpy heat rejection associated with increase of

entropy in blower

R ,
outT heat rejection associated with increase of
: -entrepy in turbine

outn heat rejection primarily associated with excess
entropy increase during combustion as a
result of pressure loss in combustion process

Symbols given as condition designations are used as
identlfying subscripts to suymbols denoting properties of
the working substance at the conditions designated.
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ANALY3IS

Basic Assumptions

For simplicity, the entire analysis hes been ideeal-
ized in two important respects. Qnly the heating eifect
of the fuel 1s considered; that is, the contribution of
the fuel to the mass of the exhaust ges 1s disregardsd.
The working substance of the cycle, in addition, is ..
assumed to be a perfect gas having the constant specific
heats of sir under standard conditions. The efficiency
relations are considerably simplified through the adoption
of these assumptions, and it is believed that the conse-
quent greater ease of visualization of the effects of
dominant variables outweighs the loss of accuracy involved.
In the excellent treatment of combustion-turbine effi-
ciencies given in reference 1, the effect of these sim-
plifying assumptions is shown to be small and to lead to
slightly conservative results.

Further simplification of the analysis has been
obtained by assuming that the velocities 2t the combustion-
chamber inlet and outlet are sufficiently low to permit
interchangeable use of total pressure and static pressure,
Installation losses, such as those in ducting external to
the essential parts of the jet unit, have been disregarded
because of their relative unimportance in efficient
installations.

Ideal-System Efficiencies

Thermodynamic-cycle efficiencies.- Of the msny dif-
ferent thermodynamic cycles employed for converting heat
to mechanical energy, only two are at present of impor-
tance in jet propulsion. One of the cycles, in which
combustion occurs at constant volume, is employed only
for highly specialized applications, and the discussion
of this cycle is limited to a treatment in the appsandix
of its more important characteristics. The other cycle,
which 1s the basic ideal cycle of almcst all jst-
propulsion systems, is composed of four phases: 1isen-
tropic compression, constant-pressure addition of heat,
isentropic expansion, and constant-pressure rejection
of heat. This thermodynamic cycle was first applied in
the Brayton complete-expansion engine and is called the
Brayton cycle.
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The method by which the Brayton cycle is utilized
for jet propulsion is illustrated schematlcally in
Tigure 1, Air from the free stream is inducted and com-
pressed, heat is added in the combustion chamber, and the,
heated air is expanded in the exit nozzle to produce a
high-velocity propulsive jet. The compression nfay be
obtained entirely from the dynamic pressure of flignht,
in which case the ‘device is called a ram jet. The dynamic
compression is more commonly supplemented by the use of
an axial-flow compressor, or a centrifugal blower, usuelly
driven directly by a turbine that extracts the necessary
energy from the heated air before it is.delivered to the
propulsive jet. 'For a discussion of the ideal cycle,
however, it is unnecessary to distinguish between the .
various means of accomplishing the desired compression
and expansion. -

The Brayton cycle is LllUSurated ‘thermodynemically
by a pressure-volume diagram in figure 2(a) and by a
temperature-entropy diagram in figure 2(b). The cycle
efficiency is readily obtained from a study of the
quantities of heat supplied and rejected. -The heat
input to a pound of gas is given by

cp AT, = cp(T5 - Ta)

T. ds : (1)
~ N 2 .

where AT, . is the temperature rise in the combustion

phass of the cycle. This heat input is represented
braphlcally in figure 2(b) by t“e area A23BA. The heat
rejected is

Qin

i1

O
}

out ) Cp<T5 - To)

indicated in figure 2(b) by the area A05BA. ' The 4if-
ference between heat supplied and heat rejected is the
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amount of heat converted to mechanical work; that is,

‘&, = 'c'p"[(@pa Ta) GRS RN

represented in figure 2(b) by the area 02350. The cycle
efficiency is the ratio of the mechanical-work output
to the heat input:

. = Work output - CP[KTE " T2> N (TB_— TO)]
[ - T s - y ' .
Eeat input
| P cp(cr5 - T2>

Tg - T
=1 - 20 ' (L)

How, from the thermodynamic rslations for isentropic
procezses,

and, Sii’lce Po = pa and p5= Po>

Thus
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T, - Ty
T,

ATO to 2 ' ' (5)
Tog * AT o 2

that is, the thermodynamic efficiency of the ideal cycle
is tre ratio of the compression temperature rise to the
absoluts temperature at the end of compression. It should
be noted that the cycle efficiency is independent of the
amount of heat added.

The compression temperature rise AT, is the
& 0 to 2

sum of the dynamlc compression or stagnation temperature
rise ATy and the blower tempersture rise ATg: that is,

The stagnation temperature rise is given by

LTy = 5 L - VO?_
i o
bcp
VAT
= 0.832( —= (6)
100
Another convanient expression for Ty 1=
ATg - 1
¥ - _
= B Moa (7)

T

in which the Mach number Iij is the ratio of flight
speed to sonic velocity at atmospheric temperature. A
convenient and reasonably accurate, although not always
precise, expression for the temperature rise in a con-
ventional centrifugal blower is (reference 2)



1 .2
ATp = gcpJ t
2

- Ve

1.6§u<i56> (8)
Also
s
ATR -V o

32: = (y - 1)(5;) - (9)

where Vt/ar is the ratio of impeller tip speed to sonic

velocity at the reference temperature Tp. If an axial-
flow compressor is used instead of a centrifugal blower,
equations (8) and (9) require a factor determined by the
characteristics of the compressor. Inasmuch as the prin-
ciples involved are not altered, this factor 1s omitted
for simplicity.

The special case of the ram jet is of interest.
Because of the absence of a blower, the compression
temperature rise depends only upon the flight speed,
according to equation (6), and consequently from equa-
tion (5) the ideal cycle efficiency depends only upon
flight speed and atmospheric temperature. Equation (5)
may be rearranged tce give, for the cycle efficiency of
a .ram Jjet,

By substituting in thls equation the expression for
TO/ATS given by equation (7),



12 NACA ACR No. L5430a

_ 1
T‘ic - )
1 + e
,5[ - 1 2
2 Yo
1
= 10
. 5 (10)
(y - 1)uy°
which for .« = 1.ly reduces to-
1 g
Mg = ; (11)
+
1+
i\lo

The ideal cycle efficiency for a ram jet operating on

the Brayton cycle, obtained from equstion (11), is plotted
as a function of flight Mach number in figure %. The
cycle efficiencies of Brayton cycle ram jets at subsonic
flight speeds do nct compare favorably with the ideal
efficiencies of internal-combustion engines of current
dezign, which may be as high as 50 percent.

The limitation imposed hy flight speed on compression
temperature rise is removed when the dynamlc compression
from flight speed 1s supplemented with additional com-
pression from a blower. Now

ATO to2 AT, + ATB

so that the cycle efficiency from equation (5) becomes

ATg + ATy
Tg + ATy + ATy

T‘xc"

= L (12)
1+ L
ATy ATy
TO TO
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By substituting for ,0T3/Ty the expression given by
equation.(7), equation (12) becomes

1 -
M = _ T | (13)
L+ AT
ooy - ry2, 2B
2 0 To

Inspection of equation (9) shows that the temperature by
which AT, 1is divided in equation (9) can be any tem-

perature whatsoever, provided the sonic ve1001by corre-
sponds to the temperature cliosen., Therefore

AT
---—B = 2 L.;.__‘ l ——1-:-\
T 0 2 (iO /

The equetion for efficiency then becomes

1
Ne = 1 (1)
1+
L____— _._.1\,}1- 2 .{_ P L:_]; Y_L)
? -2 ag
which For « = l.li. reduces to
_ 1 15
'nc -_ 5 (-‘-/)
1 +
MO + 2 /"L>
. \ a5

By similsr reasoning, equation (15) can be extended to
treat the case of multiple-stage compression, with the

term <Vt/ao e rpeplaced by the sum of the individual
‘terms for the several stages of compression.

The varlation of n with flight Mach number is
shown for several values of Vi/aj in figure L. The
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v
curve for 5% = 0 1is the special case for straight
dynamic compression or ram jet and is identical witk the
curve of figure 3. The ratio Vt/ao should not be con-

fused with the true Mach number of flow at the impeller
tips, since the velocity of sound 2t the impeller tip is
considerably highesr than that in the free stream becsause
of the higher temperature. Although the limiting tip
speeds of present-day compressors may lie in the neighbor-
hood of sonic velocity, multistaging may be resorted to
in order to obtalin compression temperature rises as high
as desired. The use of a single stege of compression at
high but attainable tip speeds, however, offzsrs at zero
flight speed an efficisncy over 50 percent greater and
at sonic flight speed an efficiency about twice as great
as the best efriciency possible with a Brayton cycle ram
jet at any subsonic flight speed.

Propulsive efficisncy.- When airplane thrust is
developed by rearward acceleration of a2 mass of alr, the
energy required is expended in two parts, one useful and
cne wasted. The part that is spent in forcing the air-
plane forward may be considered ussful, but the kinetic
energy acguired by the propulsive mass ol gir is an
unavcidable waste. In the subsequent discussion, power
usefully expended on thrust is referred to as "thrust
power'" and that wasted as kinetic energy of the walke is
referred to as "wake power." The ratio of thrust energy
to the sum of thrust energy and waste energy is called the
propulsive efficiency My and represents that fraction
of the mechanical power available for propulsion which
can be used in overcoming eirplane drag.

a3}

An expression for propulsive efficiency in terms of
flight speed and the velocity change imposzed on the pro-
pulsive jJjet, meesured between stations at eqgual static
pressure alead of and behind the airplane, is easlily
derived by considering the power expenditures. From
Newton's law, the thrust 1ls equal to the rate of charige
of momentum ol the propulsive mess of air and may be
written as

where

1 thrust,'pounds
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m -mass flow of propulsive'air,_slugs-per second
AV, velocity change, feet pér second
The thrust power is therefore
 Pp = mVy AV : (17)
where Vo is the speed of the airplane in feet per
- second. The kinetic energy acquired by the air is one-.
half the product of the mass and the square of the

velocity imposed on 1t and, accordingly, the power repre-~
sented by kinetic energy of the wake is :

1

Py = §W(AV)2 |

Thie total power input required is therefore

- L2 (18

P, = mVg AV + 2m(AV) (18)
, and propulsive efficiency, which is the ratio of thrust
b power to Input power, becomes
{ mVy AV
Np = - 1 5 (19)
| mVy AV*—EmMV)
i
j‘i_.
ex = (20)
L 1 av
L 1+ 5=
. 2 Vs
E When considered in conjunction with equation (16),

this expression for propulsive efficiency takes on special
significance. The thrust, which is the product of the
mass I'low and the veloclty change; can be obtailned either

5 by small masses of air strongly accelerated or by large
masses of air undergoing small acceleration. Propulsive
efficiency, howsver, is independent of the mass flow of
air and approaches unlty as the velocity change approaches
zero. Attainment of high propulsive efficlencies conse-
quently demands a maximum mass floew and a minimum
acceleration.
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‘Relation of propulsive efficiency to cycle effi-
iency in jet-propulsion svstems.- then the working sub-

stance ef the thermodynamic cyclie from which energy for
propulsion is obtained is distinct from the propulsive
mass of air, it is possible to select a propulsive device
best sultsd to the requirements of efficiency and avail-
able space. In the jet-propulsion systems discussed
herein, however, in which the cycle working substance 1s
also the prorulsive air mass the velocity change imposed
on the propulsive mass of air, and therefore the propulsive
efficiency, is na longer independent of the thermodynamic
cycle but becomes a function of the energy supplied  and
the thermodynamilc efficlency of the cycle. An expression
for propulsive efficiency in terms of cycle efficiency
and actors dependent upon alirplane flight speed and the
amount of hest suprplied can be obtained by equating the
mechanical power avallable from the cycle to the sum of
the thrust power and the wake power.,

BEquating the available power, wiiich is the product
0of the heat supplied and the cycle eifficiency, to tae
total power required for propulsion (equation (18))
vields : : :

e il ¥ of A M

mge,J AT, m, = mVy AV + ngv)‘ (21)

Lo

P

where AT, Iis the temperature rise occurring in the
constant-pressure addition of heat._ Dividing threugh by
2 ; . . Vg~ . .
Vg~ /2, substituting 4Tg for - S in accord with
dgcpJ
equation (6), completing the square, end extracting the
root yield

e
1+ AV o /1.+ .Sy (22)
Vo o\ AT C
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‘which by -substitution from equatioh (22) results in

Mp = — | ! el

Substituting the value of m, <from equation (12) in
equation (2L results 1In an expression for the propuls1ve
efficiency of the 1deal Brayton cycle.

Np = ° z — (25)

’ A AT, + AT
1+\/1+ Tc = B
ATg T, + AT, + AT

B

Combined efficiency.- The efficiency of greatest

interest is that which measures the percentage of heat
supplied that can be converted to useful thrust. This
efficiency, which is referred to as "“combined efficiency,"
is the product of cycle efficiency and propulsive

cfficiency: Xﬂ

't
} .

= MeMp (26)

E)

or, from eguations (26), (12), and (25),

AT + AT
n = —2ots B_ < (27)
To * ATg + 4&Tg V/ AT AT, + &Tp
1+,/1 +

o]
ATg Ty + AT, + AT

; For ram jets, in which ATB-~ 0, -equation (27)
; reduces to : :

; | n = ATg 2 _ (28)

T~ + AT AT
_O_ Sl.*.\/l_}.._____c;.__
To * AT
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which shows that the ideal combined efficiency is a
function of only three variables: the stagnation tem-
perature rise ATg, which 1s solely a function of flight
speed; the atmospheric temperature T, which under

standard conditions is a function of altitude; and the
combustion temperature rise AT,, which 1s a function

of the Tratio of air to fuel.

The relation of the combined efficiency of a ram

jet to the three fundamental wvarisbles of flight speed,
altitude, and air-fusl ratio is shown in figure 5, in
which the combined efficiency at several altitudes 1is
plotted against fligiht speed for a number of representa~
tive air-fuel ratios. These curves show how rapidly the
ideal comblned efficlency falls off with diminishing
flight speed because of the reduction in propulsive effi-
ciency. The increase of efficiency with altitude, entirely
due to the decrease in atmospheric temperature, is more
clearly .delineated in figure 6, which is a cross plot cf
combined pfllClency agalnst altltude for an air-fuel
ratio of 40, corresponding to a combustion temperature

rise of 17300 F. The efficiency ceases to vary with
altltude at the tropopause, above which under standard
conditions the atmospheric temperature is constant. The
effect of varying the air-fuel ratio, and consequently
the combustion temperature riss, is brought out in
flgure 7, which 1s a cross piot from figure 5 of combined
efficilency against air-fuel ratio, and corresponding com-
bustlon tempnerature rise, at three flight speeds.
Flgure 7 shows cleerly thet the combined efficiency of
a ram Jet diminishes as the heat input per pound of air
increases. This decrease in the combined efficiency 1is
entirely due to the diminishing propulsive efficiency,
since the ideal cycle eflficiency is independent of heat
addition.

ften it 1s preferable to express the combined efli-
clency in terms of the limiting maximum temperature T, x
instead of the combustion temperature rise ATo+  Inasmuch
as the maximum temperature occurs at the end of the col=
bustion phase-of the cycle,
AT, =T

max (To AT+ ATB> (29)

and the desired form 1s obtained directly from equa-
tion (27) by substitutling the expression for AT, glven



in equation (29). Thus
ATy + ATy | 2
Tg + ATg + AT Trox - (To * 6T, ¥ 475} BT, * AT
1 + Jl + "“a.X' . ( 0 S B) S B

ATy To + ATg + AT

m

The comparable equation for combined efficiency of a ram jet in terms of maxi-.
mum temperature 1s ' '

BOSYVGT *ON UDYV VOVN

AT 2 S ;
n-= - e . (BOb)
Ty t ATg4 1+ / imax . :
V Ty + AT

Illustrative curves for cycle efficiency, propulsive efficiency, and
combined efficiency are plotted in figure 8(a) against speed for flight at
50,000 feet in standard air, at a selected Thax of 1500° T absolute, and
with an impeller tip speed of 1200 feet psr second. The cycle efficiency
increases with flight speed at an increasing rate, because of the rise in
AT., which increases with the square of the flight speed.  The propuisive
ef%iciency increases rapidly at low speeds, as a direct consequence of speed
increase as indicated by equation (20). At higher speeds, the rzte of increase
of propulsive efficiency diminishes - the propulsive efficiency being asymp-
totic to unity, as evident from eguation (20). The characteristics of the
cycle and propulsive efficiencies unite in the combined efficlency to produce
a variation with flight speed that is elmost linear. o ' L

Pressure ratios corresponding to the conditions of figure 8(a) are given
in figure 8(b). The pressure ratio of the blower decreases with increasing
flight speed because of the increase in inlet temperature. The rate of .

6T
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inerease of the ratio of inlet pressure to free-stream
pressure, however, is sufficient to outweigh the decreasing
blower pressure ratio, so that the over-all pressure ratio
increases with flight speed.

Real-System Efficiencies

In practice it is not possible to realize the isen-
tropic compression ard expansion of the ideal Brayton
cycle, and it usually 1s not feasibie to perform tne
heat addition without loss of pressure. Failure to meet
the requirements of the ideal eycle can be expected to
result in logs of efficlency. Inefficiency in execution
of the cycle phases, however, not only reduces over-all
efficiency but also alters the trends of cycle efficiency
and combined efficiency with varistion in the fundamental
parameters, particularly maximum allcwable temperature
and impeller tip speed. '

Real cycle efficiency in terms of blower and turbine
efficiency with constant-pressure combustion.- An expres-
sion for cycle efficiency in which the effect of blower
and turbine inefficiency 1is included may be derived by
analyzing the heat supply and rejection in the execution
of the cycle. For clarity of exposition, the effect of
pressure loss in the combustion phase is taken up fol-
lowing the treatment of the effects of blower snd turbine
inefficiency. PFigure 9 glves a temperature-entropy dia-
gram of the constant-pressure-combustion cycle, in which
the dynamic compression at the inlet and the nozzle
expansicin at the exit are assumed to be isentropic pro-
cesses, and combustion 1s assumed to occur without loss
of pressure, but the tlower comprecsion and turbine .
expansion are permitted to have adiabstic efficiencies
less than unity. With zood design and under favorable
circumstances, the condltions of igenitropic inlet com-
pression and isentropic nozzle expansion may be approxi-
mated in practice.

The adiabatic efficiency of a blower is defined as
the ratio of the work of an isentropic compression te
the work of actual compression betwveen initial and final
total pressures equal to those of the isentrcplic com-
‘pression. For flow processes, the work input in each
case is measured by the temperature rise of the air, so
thst
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_ AT1sentropic éompression

0 = _ . (31)
E - BT potual compression . .
Prom Cigure 9,
AT '
ng = —i-to2al (32)

The adlabatic efficiency of a turbine is defined as
the ratio oif the mechanical work that 1s taken out of
the expanding alr to the work that could have been taken
out by isentropic expansion betwsen initial and final
vregssures equal to those of the actual process. In this
case, the work taken out 1s meesured by the actual tem-
perature drop, and the work thet could have been tsken
out is measured by ths temperature drop for an isentropic
sxpansion: thus

AT pctnal sxXpansion -
‘T T AT (3%)
Isentroplic expansion
In figure 9,
ATz a1y .
Np = AT5 to & (54)
3!to581

In the same way as for the analjsis of the idesl cycle,
the heat supplied 1is glven by

Q—in = Cp .ATC = Cp<T5' "'""T21>

9' . . .
J; ‘T 48 K ' (35)
1

denoted by the area A'2'3'C'A', As before, there is an
associated neat rejection T '

I
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QoutC - CP<T3b; - TZb')

3bt
= JP T ds (34)
U2t

denoted by the area AiEb'Bb'C'A'. This time, however,
an additional heat rejection results from the entropy
increase in the blower:

B CP<T2b' - )

2b!
= T ds (37)
0

denoted by the area AO2b'A'A. Furthermore, there is a
third hezst rejection associated with the increase in
entropy 1n the turblne:

M
(N

Qout

C

Qou?w = op(T51 = Tzp1)

denoted by the area C'Bb'S'B’C'. The total heat rejec-
tion thus is given by

Usut CPKTB’D' " Toor) * (Taor = %) * (T T5b'>:"

P
= T as (39)

0

denoted by the area AO5'B'A.
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The efficiency of the cycle 1is equal to the ratio
of, the diff'erence of heat supplled and rejected to the
heat supplied: :

Heat supplied - Heat rejected

Mg = - e (L0)

Heat supplied

Substituting eguations (35) to (39) in equation (}0) and

grouping give
() = (e~ )

| . Tor = Tor J
. v '
I
!
| T2b’ - TO TC' - Tab’
: - - (L1)
Pz, - TZ' 5' - T21
NEALV N A

1T 11T

Group I of equation (Ll) is the efficiency of an
ideal constant-pressure-combustion cycle operating
between thie seame pressures as the real cycle but having
isentrcpic compression and expansion; that is,

T - Tz -7 AT+ AT
( 3 ( A% 2b! s T

). e (h2)
T, , Tp + ATg + mp AT,

\N

The numerator of group II of equation (41) can be treated
as the heat rejectlon from an ideal Brayton cycle oper-
ating between the same pregsures as the real cycle -
tharefore having an efficiency equal to that of equa-

tion (l42) -~ and having a heat input equal to the part of
the blower input in excess of that required for isentropic
compression. The denominator 1is AT., 8o that group II
of equation (L41) becomes

T D L T e e R e e R i

-
¥
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Topr = To _ AT (1 - “B} To 43)
AT, Tg + ATy + mg AT

T5' -T2'

The numerator of group III of equation (Ll) can be con-
sidered as the heat rejection from an ideal Brayton cycle
operating between the same pressures as the expansion
nozzle and having as heat input the difference between
the actual shaft output of the turbine and the output
that could have been obtained from the same turbine
pressure drop -1f the expansion had been isentropic. The
actual temperature drop through the turbine is a measure
of the turbine shaft output and must be equal to the .
blower sheft input, which is measured by the blower tem-
perature rise ATB. Since the turbine output for actual

expansion is therefore measured by ATB, the output if
the expansion had been isentropic would have been meas-

. . AT
sured by ATp/n, and the difference is B - N ) e
hd B ‘T nT T
The numerator of group III of eguation (l1) is therefore

l - nT TBb!

AT
B .
T]T T§al

The denominator again is AT,, so that

Tor = Tapr _8Tp 1 = Mp Tapr

= (4ly)
Now
AT
T, o, =T _ B
%a max N
AT
max : B !
= Ny = (L5)
Mg ( T Tna )
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and
T
J ;
Ty, , =T (L&)
3b max Ty + ATy + 7y ATB
so that group III of equation (li1) is given as
-t m -
T5: Ts, AT, Ty + ATg *+ Mg ATB - _.2'B
Tmax

Substituting expressions (L42), (hﬁ), and (h?) for
groups I, II, and III, respectively, in equaticn (4L1)
gives

0 = ATy + mp bTg
c + +
‘?o ATy + ng ATy
N
T
T A 1l -
- -0 '8 1 -y, + S - (48)
Tg * ATg + ng AT AT, 3 _ ATy
T -~ g
max
1T III

Further condensation of equation (1}8) is possible, and
derivation by other methods leads more directly to the
condensed form. The form used was selected because it
brings out more clearly the effects of the several com-
ponent eflficiencies on the over-~all cycle efficiency.

Group I of equation (L&) shows the primary effect
of blower efficiency; is the efficiency of . an ideal cycle
opsrating at the reduced .blower-pressure-rise ratio,
which results from the blower losses; and is indevendent
of the heat addition to the cycle. Since groups II
end ITII are both multiplied by ATB/AT which approaches
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zero as a limit as AT, ~becomes infinite, group I 1is

therefore the cycle eflficiency approached as a limit as
the heat input beccmes infinite. Group II of equa-

tion (48) is s subtractive term that represents the
reduction of useful oubtput chargeable to compressor
losses. 'The compressor losses are determined by the
process within the compressor and are independent of the
rest of ths cycle. Their importance therelfore diminishes
as the output of the cycle is increased by lncreasing
AT,. Group III of equation (43) is a subtractive term

that represents the reduction of useful output chargeable
to turbine inefficiency. The amount of this loss is
determined primarily by the turbine efficiency, but .
secondary effects stem from the blower loss and the amount
of heat addition. At any given turbine efficiency less
than unity, an increased demand on the turbine as a result
o' low blower efficiency means an increase in the absolute
value of the turbine loss. Not all the difference, nhow-
ever, between the heat withdrawn from the gases in the
turbine and the hest that would hsve been rcauired if

the expansion had been isentropic is rejected, and the

. percentage of energy recovered increases with maximum

temperature of the cycle. VWhether the greater improve-
ment in cycle efficiency results from a given iacrease
in blower efficiency or from the same increase in turbine-
efficiency depends on the operating condition. Partial,
differentiation of equation_(hB) with respect to g

and e leads to an expression for the relative .effec-
tiveness in changing the cycle efficiency of changes in
blower efficiency or turbine efficiency:

Changé of - ng '
Change of 7 _~nT6Hmmax5" ATB>
Change of mng ~ Ty *+ AT, + ng AT
Change of "7, .

(L9)

B

Equation (@9) shows that the effectiveness in changing
the cycle efficiency of changes in blower efficiency
increases rapidly with increasing turbine efficiency but
usually. is not greatly affected by chsnges in the blowér
efficiency itself. This effect is illustrated in fig-
ure 10 for flight at 500 miles per hour at an altitude
of 30,000 feet with a maximum temperature of 1500° p
absolute. The applicability of equabtion (L9) to design
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studies is illustrated by figure 10(b), in which the
relative importance of blower and turbine efficiencies
is given for a constant pressure ratio instead of at
constant blower speed.

Bffect on cycle efficiency of pressure loss in
combustion.~ If the ratio of vressure after combustion
"to pressure belore combustion R is less than unity,
equation (h8) is modified in two respects. One modifi-
cation is an additional heat rejection due to the.excess
entropy increase during combustion, which results from
the  pressure loss and 1is given by

Qoutc D Cp<T5b" - T§b'>

5b1
= T &S : (50)
5b!

and represented in figure 11 by the area C!3b!'3b"c"CL
The hest rejection associated with turbine loss becomes

Yoty = op(T5n = Txpn)

= jq5 T ds . (51)
. an

denoted in figure 11 by the area C"3b"5YB"C". The total
heat rejection including the eflfect of pressure loss in
compusticn then is

Qout = °p K’%E' - szr> ¥ <T2b' - To) * <T5 " T}b!’) ! <T3b" } T3b>:|

]

5"
Jﬁ T ds (52)
0 . :

- denoted by the area A05"B"A. Dividing through by
.cp<?5, - T2'> gives as the cycle efficiency

]
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: (T30 =2, - (Tab, - Topt)  Topr - To

T

&3 . k Ta’ - T21 J . 315‘ - TZIJ
. *\{ ] N
I IT
T5n - Tgbu _ T;bu - T5b ' - (53)
5! - 91 — \TZ'ﬁ;_Tgx) ' I ‘
TIT Iv

. : - t .
Grovp I of equation (53%3) is identical with group‘I of .
equatlon (41) and therefore with the form used in equa-
tion (J2). Group II of equation (53%) is the same as
group II of equation (li1) and can be rewritten as in
egquation (hB) The heat rejection assoclated with tur-
bine loss, given by group III of equation (53), is

- TBb" ATB 1 - N Tﬁb“ (5L)

Tsu'
TB, - T, AT, mp  Tzgn

Comparison of equation (5l) with equation (Ll;) shows
that the second modification of equation (48) due to
combustion pressure loss is an 1ncrease in the turbine-
loss heat rejection. Now :

Taa" = Taa,

so that, by use of equation (45),

T ’ . A.L o ) - )
’ T nax n \ (55)
5at nT T maxv/ "

Also
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TEb“ _ Tﬁbt 1
- Thax Tmax 155‘

R
1 : T
T Lo+ aT O+ AT (56)
T Yo s T Mg A%g
R
where R 1is the ratio pa”/wé}. Thus
T3pn _ 1 Ny _To ' (57)
. - -1
RYT Mp - F
max
and group III of equation (53%) reduces to
T5n - T5b“ H_'ATB Ty 1 1l - N (58)
= , ~
Ty = Ty, AT, Ty + 0Tg + mg AT, Y=L ATg

- Y "MNm -
R T
' Thex

The expression for group III of equation (53), givep in
equation (5%), differs Trom group III of eqguation (i4l),
as expressed in equation (L;7), by the presence of a

1 . )

factor T
oY=
R Y

By substituting the expression for T}b” from
equation (56) and the expression for Tz, from equea-

tion (L46) in group IV of eguation (53), the efficiency
correction for excess entropy increase during combustion
that results frcm pressure loss reduces to




30 | ' NACA ACR No. L5A30a

d ’ .
T3b|l - Tab 1 - l -1 TO . Tmax (59 )
S L Tg + AT, + n_ AT AT,

- e 7
ot s B-B
Y
\ﬁ /

Substitution in equation (53) of the expressions
from equations (L2), (L3), (58), and (59) for groups I
to IV yields the general equation for the thermodynamic
efficiency of & real, or modified, Brayton cycle in which
provision is made for inefficiency of compressor and
turbine and for pressure loss in combustion:

TB'

ATg + mp ATy
C + + -
Jo ¥ A T mp AT,

N

i

c B B 1 I
. T Tﬂax
1T IIT
1 T, . T
- = - 1 max 0 (6)
' ﬂiq, ATC Ty + ATS + nB ATB
i y )
O m—
v

Propulsive efficlency and combined efficiency of
the real cycle.- In deriving equation (2h) for the pro=-
pulsive efficiency of an ideal thermodynamic cycle, the
heat input was measured by o AT,. This condition must
be met for equation (2L) to be valid. For the case under
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Q consideration, in which the heat is added in a process

Y .. subject to some loss of pressure, the condition thsat

N

¢cp ATc be a measure of thé heat addition 1s satisfied:
and equation (2ly) is wvalid, provided the expression for
Ne used in eguation (24) is thst from equation (60).
The effect of blower losses, combustion-chamber pressure
drop, and turbine inefficiernicy on the propulsive effi-
ciency ‘is entirely the result of changes in the amount
of neat converted to mechanical work. Since the com-
bined efficiency 1s the product of the cycle efficlency
v and the propulsive efficiency, the final expression for
combined efficiency can be stated as

ORI J

s ot SRR

n = MeMp ' (61)

I where 1 1is for the real cycle, mn, 1s obtained from
equation (60), and Np 1f obtained from equation (2ly)
through use of equation (60).

RESULTS AND DISCUSSICHN

Classification of varisbles.- The cycle efficiency
of equation (6J), the propulsive efliciency of egua-
tion (2L4), and their product, tihe combined efficiency,
are functions of seven variebles or parameters: T,
ATg, Ngs Mo Ry, Thaxo and ATB. These seven variables

may be classiflied in three groups according to the nature

of the control over them that 1s available to the jst-

power-plant designer. In the subseguent discussion, fol=-

lowing establishment of this classification, the effects

on combined efficiency and thirust power of changes in

each of the seven variables are taken up in turn. Because

of the large number of interrelated variables, in most

P cases these effects are illustrated by curves showing

' the result of deviation in one variable at-a time from

' the following set of conditions selected as a reference
datum and considered either reasonable or representstive

» of current practice:

B
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" Condition ; Correéponding'to:
Altitude, 30,000 £t Ty = 411° P abs.
Flight speed, 500 mph AT = L5° F
Blower eflficiency, 80 percent Ng = 0.80
Turbine efrliciency, 75 percent Np = 0.75
Ccmbustion~chamber pressure-

drop ratio R = 0.916
Maximum temperature Toax = 15007 F abs.
Rlower tip speed, 1220 fos ATy = 2109 F

Thrust-power verlastions ere presented nondimensionally
as the ratio of the thrust power at ths condition in
gqusstion to the thrust power of the datum condition.:

The atmospherlc tempersture Ty for standard air
is a function of altitude alone and the stagnation tem-
perature riss ATy depends only on the speed of flight.
The variables Ty &and ATy therefore can te classified

as flight conaitions that are to be met by the designer
instead of asdjusted to his requirements. The component
efficlencies np and mng  and the combustion-chamber

pressure-drop ratio R can be classified as parameters
expressing the characteristics of thie components of the

propulsive system. The other two variables Tm“x and
* (&8

ATB are in the nature of verliables on which operating
limits may be set by physical limitations. The maximum

allowable temperature Tax ls determined by the

properties of the materials ernploysd znd by the stresses
to be carried. For a pradetermined number of blower
stages, the maximum permissible blower temperaturs

rise ATB is 1limited by the meximum allowable blower
tip speed, which Is in turn determinsd by the design and
materials employed in the construction of the blowsr.
Since attaimment of maximum output, and usually msximum
efficiency, requires utilization of meximum permissible

heat inputs and blower spseds, T,., and ATy &t

maximum output can be considered as dJdesign parameters
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expressing operating limits imposed by the desizn and
choice of materials. II the maximum temperature is.
appreciably above that-shown to be required for best
efficiency when the blower is operating at its maximum
tip speed, power output can be controiled quite effi-
clently by varisetion in combustion tempsrature rlse.
With this exception, however, reduction in maxlimum oper-
ating limits is associated with marked reductions in
efficiency, regardless of the power output.

e Ry g

PR

Flight condltions.- The combined efficiency of a
jet~propulsion system 1s strongly influenced by the speed
‘ of" flight, and the sultablility of jet propulsion to any
‘o particulsr application is determined by the zirplane
e performance requirements. Figure 12 shows the variation
i of combined efficlency wlth airplsne speed for flight at
several altitudes, et representative values for system-
component erfflciencies, and at opersting limits. The
; combined efiiciency increases almost lineariy with flight
speed and shows an eappieclable advantage 1n operation at
the lower atmospheric temperatures at high altitude,

The greater physical dimensions required for handling
the low-density alr at nigh altitude mast not be over-
Looked, however, in consldering the advantages of high-
altitude operation, since a decrease in component effi-
ciency caused by insufficlent size could easlly outweigh
the advantage of the lower cemperstures.

S

A breakdown of the combined sfficiency into cycle
and propulsive efficiencies lor flight at 30,000 feet
with representetive component and coperating parameters
is given in figure 1%. Dashed lines of the corresponding
efficiencies of an ildeal system operating at the same
maximum temperatures and blower tip spsed have been
added for comparison. The almost linear vapriation with
flight speed of the combined efficiency is seen to be
the net effect of an increasing rate of 1ncrease in
cycle efficiency and a decreasing rete of increase 1in
propulsive elflclency The very low combined efficiency
cat low flight speeds 1s due largely to low propulsive
efficiency. '

e i

e LB T e

T e

The power developed per unit mass. of air handled
is proportional to the combined bf;lClenCy and the heat -
input. Varistion in tlirust power is indicated in fig-
ure 13 by a thrust-power ratio r, which is the rstio
or m AT, to the value of n AT, for the datum
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condition at 500 milss per hour. The thrust-power factor
increases with flight spesd as does the combined efli-
c1ency but at a lesser rate because of a Slléyt decrease
in AT, as the stagnation temperature rise increases

with flignt speed.

‘Jet-propulasion combined efficiencies for flight in-
standard air at 30,000 féet from figure 1% are conpared
in figure 1l with estimsted efficiencies for a conven-
ticnal engine-propeller system designed for efficient
operation at high speed Beceause this enalysis extends
to flight sDeedg Leyon the range of current knowledzge,
the efficiency curvss ror the engine- JPOPFLICP swstem
are only rough estimates and musc not be considercd as
other than such. These estimestes sre based on the
hest available propeller data and brake SO@lelP fuel
oonsumpfloﬁs ol 0.76 pﬁund ner horsepower-hour at mili-
tary power and O. 16 pound per horsepower-~-hour at crulsi
power, The lower curvs of enginc-propeller efficiency
is for militery nower at all spameds, and the upp=zr curve
ndicates roughly the efficiency that could be attained
I 1t werse QOSSLble to maintein tie brake specific fuel
onsumption of 0.6 pound per hovsepower-hour up to the
highest speeds. The scperation of' the curves shows the
difference between the engine specific fuel consumptions
for cruising power and military power, and the curvature

rayral

of the lines shows the variation in propeller sfliciency.

(9]

i
i
c

On the basis of the curves of figure 14, jet pro-
pulsion at flight speeds less than 300 miles per hour is

herd to Juot¢1v bccause of the low efficlency For
special applicetions st speeds higher thean 5J7 miles per
hour, the simpler asnd more compact construction of the

jet motor may warrant the sscriflice in efficiency. At

a ©lignt speed of 540 miles per hour, the jet motor can
compets with conventional systems in high- -power opera-
tions and, as the flight speed is further increased, tlie
eflficiency of the Jjet motor rapldly sxceeds the nllltary—
power performance snd approaches the efficlency of
cruising oncration of conventional systems. It is culte
clear, therefore, that on the basis of efficiency thsa
primary field of eppliceation of jet vropulzsion of ths
type discussed herein is to flight'at speeds of 5J0 miles
per hour or higher. At low spe=ds, the mass of =ir
necessary for efficient prop u151on grectly exceeds thst
required as a working subsuunce in the thermodynamic
cycle, end accepteble efficlencies cannot he obtained




i

o A

R

R
o

pime

L

FETTTIIDOA e <

WACA ACR No. IL5a30a 35

without engagement of auxiliary propulsive air which is

" actusted by some means other thaun performance’ of the

main thermodynamic cycle.

Component efficiencies.~ The components of a jet-
propulsion engine - compressor, turbine, and combustion
chamber - are still in a stage of development from which
appreciable improvement 1ln efficlencies can be expected.
Gains in cycle efficiency through improvement of com-
ponent efficienclies are offset to some extent by the
reduction in propulsive efficiency that accompanies an
increase in cycle efficiency. The combined efficiency
of the real cycle illustratsed in figure 1%, however, 1is
only about 65 percent of the ideal efficiency throughout
the flight-speed range, and appreciable gains are to be
expected from improved component efficienciles.

The extent to which the combined efficlency can be
inecreased through improvement of the compressor alone 1
illustrseted in figure 15, which shows the variastion with
blower efficiericy of combined efficiency, propulsive

fficiency, cycle efficiency, and thrust-power ratio at
a flight speed of 500 miles per hour and with all other
conditions constent at the datumr values. The eflfect of
variations in tlower efficiency is wvery markzd, bescause
inefficlent comnpression not »nly causes a dlrect loss
of powsr in the compressor itself but also, by decreasing
the pressure-rise ratio, decreases the cycle efficiency
and, by requiring a greater turbine output, ilncreases

the power loss in the turbine. Attainment of an effli-
clency of U.20 in the blower is snown in figure 15 to
increase the combined eflliciency from the datum value
of 0.135 to 0.156 and, by reference to f'igure 1l, it can
be seen thst the 111ght speed at which the efficiencies
of conventional and jet-propulsion systems are equal
is reduced from 540 miles per hour to about 500 miles
per hour. The gains to be had from increasing the blower
gfficiency are interesting, but the most important aspect
of figure 15 is the indication of the penalty incurred
through failure to obtain creditable efflciency in the
blower., It should be noted that the cycle and combined
efficilenciss go to zero at a blower efficiency of 10 per-

]
1y
£l

-cent.. .. Inasmuch as improper installation can reduce the

efficiency of s blower almost to this value, the vital
impertance of careful installation is obvious. Variation
in blower efficiency does not affect the allowable com-

bustion temperature rise, and the curve of thrust-power
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factor therefore shows directly the influence of varia-
tions of. combined efficiency.

The influence of the turbine efficiency 1s shown in
figure 16, in which the cycle, propulsive, and combined
efficiencies and the thrust-power ratio are plotted
against turbine efficiency with all other conditions at
the reference datum. The turbine losses compound less
rapidly than the blower losses in the higher efficlencies
and, for the conditions chosen, the galin to ke had from
improvement of the turbine is somewhat less than the
gain for improving the blower. That this fact iIs not
necessarily true for other conditions weas shown in fig-
ure 10. At low turbine efficiencies, the recoverable
fraction of the turbine loss diminishes rapidly with
decrease In turbine efficiency, and the cycle efficiency
becomes zero at a turbine efficiency of 0,50, which is
appreciably higher than the blower efficlency at which
the cycle efficiency became zero. It therefore can be
seen that attainment of reasonably high efficierncies 1is
even more impcrtant for the turbine then for the com-
pressor but that there is not so great a prremium on
catbting the hichest possible efficiency. The combustion
tempersture rise is independent of thne turbine efficlency
and, as a consequence, the curve of thrust-pcwer ratio
shows the effect of the variation in combined efficiency.

The relative importance of combustion~chamber pres-
sure drop is shown in figure 17 for flight at 500 miles
rer hour in standard air at 30,000 feet and with other
conditions as assumed in fizure 132, Although there is s
definite loss in efficlency chargesble to comtustion-
chhamber pressure drop, this lcss for the conditions
illustrated is smgll compared with the losses associated
with blower znd turbine inefficiency, and only a moderate
increase in efiiciency is to be nad from total elimina-
‘tion of combustion-chamber pressure losses. Since the
combusticn temperature rise 1s unaffected by the pressure
lecss in the combustion chamver, thie thrust-power factor
shows the effect of the variation in combined efficiency.

The combustion-chamber pressure-drop ratio at which
the efficiency becomes zero corresponds to losses of
absolute pressure far greaster than tlhicse encountered in
rractice fTor compressor-turbine rropulsive systems and,
in this case, this condition is of 1little practical
interest. As blower tip speed is decreasec, hoviever,
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the basic cycle efficiency decreases with little change
in absolute magnitude of the loss assoclated with
combustion~chamber pressure drop, which correspondingly
increases in importance. For the limiting case of the
ram Jet, the efficiency is extremely sensitive to-
combustion-chamber pressure loss, as indicated in
figure 18.

Operating limits.- The benefit to be derived from
raising the limit on the maximum temperature of the
cycle is intimately assocleted with the blower tip speed
and the efficiencies of both blower and turbine. In the
ideal cycle, ‘the efficiency is independent of the mexi-
mum temperature. In the real cycle, however, the amount
of heat that may bes added 1s limited by the differernce
between the blower discharge temperature and the limiting
maximum tempersture. At a given blower speed, an increase
in meximum temperature therefore permits an increase in
heat supplied without in any way aflecting the blower
losses. TrFurthermore, the recoverable vercentage of the
turbine waste is slightly increased. Since the losses
do not increaze in absolute magnitude as the heat input
increases, the losses diminish as a fraction of the total
input, and the cycle efficlency 1s increased. This
variastion of cycle efficlency with limiting maximum tem-
perature 1s 1llustrated in figure 19, in which the refer-
ence datum conditions have agaln been taken for a flight
speed of 500 miles per hour. The continuous rise of
cycle efliciency with increasing maximum temperstures,
hiowever, does not carry over to the combined efficiency.
The rate at which the cycle efficiency increases dimin-
ishes rapidly and, at sulficiently high temperatures,
the decrease of propulsive efiiciency with heat addition
outweighs the Improvement in cycle efficiency so that
further increase in maximum temperature begins to reduce
the combined efficiency. It therefore should be noted
that, for any particular combination of system charac-
teristics and flight conditions, there exlists an optimum
maximum tempersature above which the efficiency is decreased.
The maximum power output, however, is by no means reached.
at this optimum temperature. The heat input to the cycle
increases rapidly as the limit on maximum temperature
increases, and as a result the thrust-power ratio con-
tinues to increase rapidly throughout the range. For

the system characteristics chosen, a lowering of T .y

below 1500° F absolute would sharply reduce the efficlency
On the other hand, ralsing T to 2000° = absolute

max
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would increase the powsr output by 65 percent with little,
loss of efficlency.

Blower speed also has an.optimum value, as shiown by
the curves of igure 20 1n which the efiiciencies end
thrust-power ratlo are piotited as functions of blower tip
speed. Although some 1ncrease in efficiency can be
derivad from an incresse in bLlower spesd, increasss in
blower speed to higher than about 1400 feet per second at
fized maximun temperaturc decrease the heat Iinput shsrply
at the seme time that the compresslon losses are beling
increased, and the efficiency falls off very rapidly.

In the reglon of decreasing blower spseds, the curves
level ofi and beccme asymptotlic to the eiflc1cr01es of

a ram jat as zerc blowesr spesed is approached. The decrease
in allowable combustion temperature rise that sccompanies
an increase in blower speed has an appreciablie efifect on
tiie thrust-power rztio, which r“aohes its peek value at
blower speeds about 200 feet per second less than the
speed for maximun efficiency.

Study ot figures 19 and 20 shows tihiat the ortimum
1imiting meximum temperstures snd blowsr spseds are .so
interconnectsed that an increase of one without an increase
in the other mesy bring about a loss of efficiency instsad
of the increase which mizght have been expected withcut a
thorcough understanding of the situation. If, es blowers
are imoroved and the limlts on tin speed are raised,
corresnonding increases in aliowable maximun temperatu“es
are achieved, an aspreciable F in in combined efficlency
can be anticipated. Thls tre 13 shown in figure 21,

waich compares the efficlilencies for T, ., = 1500° ¥ sbso-

lute with values csliculated for Tpax = 2000° F absolute

at verisble “lower epeed and with other conditions at
the datum values. At a blower spsed of 1200 feet per
second (ATP = 21,09 F), there is little difference in

ombined eflicileacy for T, ., . = 1530° & absolute and
B 4 £
Trgx = 2000° F avsolute because the higher cycle offi-

ciency at the higher temperature is oflset ov a lower
propgl:Lve effiiciency. The nlgher value of T, .., .
however, corresponds to a higrier heet input and, Ior
the same efTiciency, the power output 1s much greater
with the higher velue of T,.,. The higher maximum
teniperature =hifts the blow:r temrsrature rise for maxi-
mimy coribined efficlency to a value corrssponding to a
blower speed cf 1300 feet per second and thus results
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in a 20-percent increase 1n the maximum value of comblned
erficiency. The peak power output for T,,, = 2000° F
absolute occurs at a blower speed of luOO feet per second
and is 70 percent greater than the peak power for

Typax = L500° F absolute.

Values of combined effic 1@ncy, which cover a wider
range of flight speed and limiting maximum temperatures,
are plotted against ATB in figure 22. This figure

shows clesrly the impossibility of obtaining acceptable
efficiencies at low flight speeds with the type of jet
propulsion discussed herein and also indlcates the good
efficiencies thet can be obtalned when the fllght spued
and operating limits are sufficiently high.

The interrelation of maximun tempsrature end blower
speed is 111ustrgu€d in figure 2%, whiclhi is a plot of
the peak efficiencies from figure 22. 1gu*e 2% shows,
for the datum values of the component chearacterlistice,
the maximum temperature nscesswry rTor besst efficisncy at
any blowar speed and the velusg of this maximu el fTliclency
The wmaximum temperruur“ requirec for best efficiency at
a iven blower speed is seen to be quite insensitive to
Flight speed. In interoreting fizure 23, relcrence
should be made to figurecs 21 and 22, which shew that the
loss of combined efficierncy due to a maximun temperatare
too low for tlie blower speed is acute. Reference to
figure 19 shows that the loss of efficiency due to
operation gt a maxirmum tumgbLufurﬂ above th=t necessary
for best efficiency is slignt end that the power gain

is quite large. The optimumn maximun tsmpersture fron
figure 2% may therefore be resgurded as not merely
desirable but essential to efficient operstion. T the

optimum value 1s nigher than thet permissible, a lower
blower speed should be used.

SPECTIAL COWNSIDERATIONS

Jet augmentation.- The scope of the present report
has been confined to an analysls of propulsion systems
making direct use of the working substance and working
on modifications ol the Brayton cycle. ©Some mention has
been made, however, of the possibility and necessity at
low speeds of improving the propulsive efflClelCV b] the
engagement ol additional masses of propulsive air. This
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may be done by using some of the turbine power to drive
a propeller or fan or by using a jet pump.

Othaer cycles and regeneration.=~ Thermodynsmic effi-
ciencies exce=ding those of the Brayton cycle may be
obtalined by various means. One approach is through usse
of the constant-volume-combustion cycle, es in tiae
Holzwarth turbine, for which, however, the grscter
mechanical diflficulties Largely balanced cut tlie the
rotically higher cycle efficiencies. discussion oi
the constavt— rolume-combustion cyzle as applliea to a ram

jet is given in the appencix. A more promising apprcach
fop lJrgc power plunts 1s through rogeneration, in which
some of the heat from thce high-teanpsrature exiirust is
transferred to tte &ir alter comprcssioq and bcfore come
bustion. The complicacions and ws3izht inherent in ths
nacessary heat exchangers are ”rcat however, and such
refinements in the he“mooynan;c CV‘We jokide) LdbLV will be
of more interest after ths possibilitiss of meroving
the simpler svstem have been exlkauated.

= \"D

Sup~rsonic jets.- For flight at subsonlic speeds
the addition of heat slone cannot piroduce a superso
jet and, in the sbs=nce ol a blower, the jet ig alwa
subsonic. VWhen a blow r is us=d, however, the discha
veloclty satisf'ying equation (22), and thercfore equa-
tion (2i), is supersonic at the higher blowsr sveasds.
Attainment of this supsersonic veloci ty requires a
convergant-divergent nozzle, the proportions of which
should vary with conditions. The curves presented
conseguently involve the added assumptlion that, for eacnh
condition shown, the disc%rrvo nozzle is given the proper
shape., 1In practice this variation in shnape would hardly
be feasible and, at conditicns other than thiose for

whlch the riozzle was designed, some reductlion in perfor-
mance might be expected. There 1s reason to believs,
however, that the loss in periormance thrcugh use ol
nozzles of inexect shape need rot be exceszive. This
statement does rnot mean, howsver, that tie nozzle arca
can be kerpt constawnt, becauce varying tho nozple area

is essentiasl to fuLLX satisfactory sngine-spesd control.

or
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CONGLUSIONS

A number of conclusions regarding the field cf use-
fulness, limitations, and possibilities for improvement
of jet-propulsiori systems deriving their entire thrust
from jet reaction of the products of combustion ¢an be
drawn from the anelysis presented. Unless specifically
otherwise stated, tihne following conclusions resgarding '
the effect of clienges in some of the variables are for
the condition that all other variesbles are held constant:

1. On the bvasis of efficiency, the primary field of
application of propulsion systems deriving their entire
thrust from jet reaction of 'the products of combustion
is to flight et speeds of 500 miles over hour or higher.

2., If epvlied to flight at speeds higher than about
559 miles per liour, the combinad efficiency of such a
jet-propulsion system exceeds the efficlency of conven-
tional power plants cf current design when operating at
militsry power (bsfc = 0.76 1lb/hp~hr) and approaches the
gfficiency of conventionazal power plsnts at crulsing
power (bsfc = 0.6 1b/hp-hr).

2. For flight =t low speseds, engeagement of supple-
mentary air is necessary In order to obtain acceptable
propulsive efficiencles.

li. The loss in efficiency attendant upon failure to
achieve component efficiencies of the order of best cur-
rent practice 1s very severe. Because unfavorable
installation can sz2riously impair the blower efliclency,
careful attention to the installation design is essential
to satisfactory performance.

5. For any given combination of flight conditions
and component characteristics, there 1s a blower speed
(or compression temperature rise) for maximum combined
efficiency above which the combined efficiency falls
of ff rapidly. '

L)

‘6. Raising the limit on maximum temperature beyond
that necessary to obtain efficient operation at maximum
permissible blower speed (or compression temperature rise)
does not greatly increase the combined efficiency and may
decrease it slightly. ‘hen such a decrease occurs, how-
ever, the rate of decrease with increase in tenmperature

e
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is small and increasing the maximum temperature permits
large power increases at relatively small decrease in
efficiency.

7. The gain in efficiency that can be expected from
coordinated increases in operating limits on maximum
temperature and blower speed (or compression temperature
rise) at current component efficiencies is considerable,
and the increase in output is large. Imwproper coordina-
tion of limiting temperaturcss and blower speed, however,
may actually reduce both efliciency and power.

Langley Memorial Aeronautical Laboratory
'~ National Adivsory Committee for Aeronautics
Langley PField, Va. '
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APPENDIX

COMBINED EFFICIENCY OF CONSTANT-

VOLUME-COMBUSTION RAM JET

EFFICIENCIES

Cycle efficiericy.~- The idealized cycle for ram-jet-
propulsion systems employing constant-volume combustion
is iliustrated by a2 pressure-volume diagram in figure 2L
and a temperature-entropy diagram in figure 25, The
cycle consizts of four phases: igentropic compression
due to ram from conditions O to 1, constant-volume addi-
tion of heat from conditions 1 to 3, isentropic expansion
in the mozzle from conditions % to 5, and a constant-
pressure rejection of hLeat from conditicns 5 to U, The
points 3 and H were used to denote conditions at the end
of combustion and &t the nozzle as in the constant-pressure
diagrams given previously fo1 the constant-pressure-
combustion cycle. The actual conditions, however, at
these two points for the two cycles are vastly difrerent.

{
|
%
X
?

The efficiency of the constant-volume-combusticn
cycle 1s easily obtained from &an analysis of the hecat
addition and rejection. Tie heat supplied per pound of
gas 1is

Un = Oy AT, = oy(T5 = 1))

= J”f T dg (62)
1

denoted in figure 25 by the area Al13RA, and the heat
rejection 1s
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Uyt = p(T = To)

jﬁ5 T ds (4
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dencted by AGHBA.
The difrerence between the neat input and the heat

outgut is converted to work, so that the efliclency ol
the cycle is
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which is the expression for the thermodynamic efficiency
of the ideal constant-volume-combustion cyecle. I terms

of maxinmum temperature Tmax instead of combustion
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temperature rise AT,

. _ 1
T =1 - Y TO ( TmaX >/Y - 1 (68)
. — _ | |
- Tnax - (To * 8Tg) [\Bo + 475/

Combined efficiency.~ As applied to Jjet propulsion,
the constant-volume~combustion cycle 1s opersted inter-
mittently. The initial admission to the combustion
chamber of a charge of air, compressed by the dynamic
pressure of flight, 1s the same as for the Brayton cycle.
In the constant-volume-combustion cycle, however, the
combustion chamber, after being charged, is closed to
prevent expansion of tlie gases during the combustion
phase of the cycle and then opened to the propulsive
nozzle only upon completion of combustion. The gas flows
out through the nozzle until the pressure in the combus-
ticn chamber has dropped to 1ts value previous to combus-
tion condition l} in the cycle). The charging process is
then repeated; the remaining hot gases are displaced by
the incoming cold gases. Such a cycle can be approxi-
mated in practice through the use cof autcmatic shutters
at the inlet and a fixed exit nozzle. The clossness with
which constant-volume combustion 1is approached depends
upon the rate of Ilame propagation and the Inertia of
the gases.

The nozzle-discharge veloclty of the intermittent
system varies from a maximum immediately after combus-
tion to a minimum just before recharging. The propulsive
¢fficiency consequently changes continuously throughout
the discharge. It becomes necessary, therefore, to
integrate a varylng discharge velocity to obtain the
thrust power and, accordingly, only the equation for
combined efficlency 1s developed. 'In deriving the
expression for combined efficiency, the following sup-
plementary symbols are used: '

- f cycle frequency; cps

my mass of charge 1in combustion chamber at any
' instant, slugs

mz mass -of charge in combustion chamber at condition 3
of the cycle, slugs (see figs. 24 and 25)
. ¥ P
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mass of charge in combustion chamber at condition L

+ of the cycle, slugs
Po avérage power developed by thrust of discharge,
ft-1b/sec : : .
?B average power deductible for intake drag, lt-1b/sec
— [ —_
P net average thrust power, ft-lb/sec QPT - PD)
Vqt nozzle dischiarge veloclty at any instant, fps
VN nozzle discherge velocity during recharging phase
Al of cycle, fps
.o W
my,
XM - m
°g
e = —
o Py
o density of charge, slugs/cu ft

The sverags power developed by the thrust of the
discharge, based on the assumption that the variation
of flight speed Vg during the cycle is negliglible, is

nl . I :
B = 1 5 l‘il” 4
aly | " JO
and the average power deductible for inteke drag is
— .2 mz )
Pp = vy : dmt (70)
- vo

so that the net average thrust power is
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mz - : m

P=rlvV fB v am, + VAV L‘dn -V,

0 < YNy Ry 0" w), St 0
Umu . _ D

By substituting the variable
m t

Xt = ﬁ; or My = Xtm3

and.

i

X), =

and evaluating all but the first integrel, equation (71)
becomss

l 1
5 : 201 - V. - X
P=fms |V, f Uy, 9% - Vg (1-x,)+ YoV, Vg )X,

L i

(72)

The nozzle velocity can be exgressed as a function of
the operating conditions and the instantaneous valus of
mg  and therefore is a2 function of the new varlable Xy.
From the thermodynamic relations for an adiabatic expan-
sion, by assuming zero velocity at condition 3,

— —— w1 —i -
VNt = \/Echp T5 \/XtY - XSY (72)

It should be noted that VNt will exceed sonlc

velocity even at qulte moderate heat additions and tnat
the applicability of equation (7%) involves assuming the
existence at all times of the necessary form of discharge
nozzle. By substituting VNt from equation (73) in

equation (72) and rearranging, the net average thrust
power becomes
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The average heat input in foot-pounds per second is
c

Qin = fln5 ATC —‘}EgJ (75)

Dividing the thrust power from equation (7hL) by the hsat
input from equation (75) gives the combined efficiency:

_ F
n=z
n
' V = l
2o 0 =1L 1
= ~ /X - XY X
AT, \2zJdc,, 13 Jt %5 “hy

Substituting the stagnetion temperaturs rise ATy Ior
VO%/échp yields the following eguation for combined

efficiency:

—2. s /ng " e Y- x YT ax, v x N -1} (786)
nEEn \fe, et T e, )
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.. Now

so that

in which

and

I5A%0a L9
v
Ny, \/;5 T =
—+ = 2= I YT - x Y (77)
vy AT \/ L
= '. '~
é__‘I.,i _{é__ J \/XtY-l - X y-1 dXt
ATC ATs Xu
\ J
_ Y
I
-l _ -1 ).
XL;. ﬁ4 XSY 1 (78)
B At
x, Y7t -Gl ! (79)
L T3
-1
T~ /T .
SR e .Q<,.1,>Y (80)
5 Ty 3
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The value of the definite integral I of equation (78) is

(A R S Ny

\ vz
(v L oax v oy, vt 1)y 2 Ll
<4XM 3%, ‘j<%xh + x5V \/Xh s

/1' + \/1 - X57_l

The constant-volume-combustion ram j=t hes a con-
siderably higher ideal combined efficiency and ideal
powsr output per pound of air handled per second than a
constant-pressure-combustion ram jet. For flight at
500 miles per hour at 305300 feet with a combustion
temperature rise of 1700% #, the combined efficiency of
the constant-volume-combustion ram jet obtained from the
preceding anslysis 1s 0.15 and that of the constant-
pressure-combustion ram jet is only 0.06 - a ratio of
2%:1 for the conditions chosen. Because of the differ-
ence in specific heats at constant volume and constant
pressure, the heat input to the constant-volume-combustion

ram jet is less for the same combustion temperature rise
than that to the constant-pressure-combustion ram jet in
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the ratio of 1:l.l,, and the advantage in power per unit,
mass air flow of the constant-volume-combustion ram jJet

is .slightly less than.2:1 for the conditions chosen.

The difficulty of attaining, in practice, effi-
clencies that approach the ideal 1s probably even greater
for the constant-volunie-combustion ram jet than for the
constant-pressure-combustion ram jet. The very much
higher pressures may introduce structural problems.
Isolating stressed parts of the combustion chamber from
the intense heat and providing necessary cooling, so
readily accomplished in the constant-pressure-combustion
ram jet with a simple internal shroud, become difficult.
There is, in addition, the problem of obtaining suffi-~
ciently rapid flame propagation. The shutters and
similar equipment necessary for intermittent operation
add mechanical complication. It is ressonable to supposs

that the added practical difficulties of the intermittently

operated constant-volume~combustion ram jet will offset
to some degree the pronounced theoreticel advantages.

The lengthy expression (equation (81)) arising from
the integral appearing in equation (78) makes evalusation
slow and tedious. By use of & concept of an equivalent
mean gain of velocity through the system AV defined to
be such that the average total power, or sum of average
thrust power and average wake power, is given by the
relation

Average total power = mVy &V + % E72 (82)

a simple although not entirely valid expression for pro~
pulsive efficiency may be derived in a manner similar to
that used for the constant-pressure~combustion cycle:

2
Ny = : - (83)
1+ /l . 1 AT, )
e S
\ Y ATS Y

- The combined efficliency is then obtained as the
product of the cycle efficiency from equation (67) and
the propulsive efficiency from equation (83) through use
of equation (67). Although use of the mean velocity
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_gain AV cannot be exact because of the several non-
linear relations involved, equation (83) has given in
the range explored results surprisingly close to the
results of the more correct procedure. For the case
cited of flight at 500 miles per hour at 30,000 feet
with a combustion temperature rise of l?OOO P, equa-
tion (3%2) gave a propulsive efficiency of 0./89 in com-
parison with 0.!88 obtained by dividing the combined
efficiency from equation (78) by the cycle efficiency
from equation (67). This agreement is regarded as much
closer than the accuracy of the assumptions on which the
anszlysis is based.
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